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Abstract: A study on the autogenous shrinkage (AS) of concrete from a mesocosmic perspective 
was carried out using numerical simulation technology. The temperature history and the autogenous 
relative humidity (ARH), two factors that have been shown to have occasional influence on this 
process in previous studies, were introduced into this study. According to these concepts, a program 
for simulation of the temperature field, humidity field, and stress field based on the equivalent age 
method and a fully automatic aggregate modeling tool were used. With the help of these programs, 
the study of a small concrete specimen provided some useful conclusions: the aggregate and the 
matrix show distinct distribution properties in the temperature field, humidity field, and stress field; 
the aggregate-matrix interface has a high possibility of becoming the location of the initial cracking 
caused by AS of concrete; the distribution of random aggregates is extremely important for 
mesoscopical analysis; and the temperature history is the main factor affecting the AS of concrete. 
On the whole, inherent mechanisms and cracking mechanisms of AS of concrete can be explained 
more reasonably and realistically only by considering the different characteristics of material phases 
and the effects of temperature and humidity. 
Key words: concrete; autogenous shrinkage; meso-analysis; equivalent age; temperature history; 
autogenous relative humidity  
1 Introduction 
Although the phenomenon of autogenous shrinkage (AS) of concrete was first described 
by Davis (1940) and Lyman (1934) more than 60 years ago, it attracted little attention until the 
1990s when high-strength concrete began to be widely used in hydraulic projects. Studies have 
shown that high-strength concrete with a water-cement ratio lower than 0.30 may have a 
deformation rate of AS as high as 200× 10-6 to 400× 10-6 (Mak and Torii 1995), meaning that 
the study of the AS of concrete is very important. To measure the AS of concrete requires not 
only an accurate measurement method, but also a starting time at the concrete’s initial setting 
time, and a specimen that has not exchanged any water with the environment. This creates a 
number of difficulties during the test, so that the trial must simplify some steps or ignore some 
factors. Still, engineering simulation analysis of AS of concrete often uses the measured 
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AS-age curve of a sample as a known quantity of stress calculation. As a result, the final 
simulation results not only include a certain deviation, but also cannot reflect the intrinsic 
mechanism or characteristics of AS of concrete. 
It is generally accepted that the consumption of water in structures during the hydration 
process of concrete causes the autogenous relative humidity (ARH) to decline, and both 
self-desiccation and AS subsequently occur. Obviously, there is a relationship between ARH 
due to self-desiccation and AS. At present, there have been few studies on their relations and 
change patterns. Besides, since the traditional estimation methods of AS simply reflect the 
macroscopic property of the concrete structure, they cannot accurately reflect the real 
characteristics of the internal meso-mechanics. In recent years, in order to further reveal the 
inherent mechanism of AS of concrete and its fracturing mechanism, a growing number of 
scholars in China and elsewhere have gradually shifted their research on the AS of concrete 
from a macro-scale to a meso-scale, or even to a micro-scale perspective, and they have 
obtained some important results. From the perspective of heat dynamics, as a way of 
explaining the phenomenon of AS of concrete, Zhutovsky (2003) believed that only capillary 
contraction accompanies AS. Tazawa and Miyazawa (1995a) considered AS to be mainly 
dependent on some features of the aggregate, such as its elastic modulus, type and unit amount. 
Tazawa and Miyazawa (1995b) regarded concrete as a two-phase material consisting of 
cement paste and aggregate, predicted the AS of the cement paste in accordance with the 
experimental regression results pertaining to the mineral composite ratio of ordinary Portland 
cement, and finally introduced Hobbs’ drying shrinkage model to determine the impact of 
aggregate. Hua et al. (1997) put forward an AS model for cement paste that assumed the 
cement paste to be made up of the cement that still had not hydrated, hydration products, 
and capillary water, and proved to have a better effect with the introduction of finite 
element analysis. 
In view of this research on AS properties of concrete, this paper describes a newly 
established mesoscopical model that takes into account the difference in thermodynamic 
properties between the aggregate and the matrix. It also discusses the effects of the 
temperature history and ARH on AS of concrete according to a finite element simulation based 
on the equivalent age method, and compares the distribution characteristics of a humidity field 
and stress field at the macro- and the meso-scale. It should be pointed out that in the absence 
of special instructions, the humidity field in this article refers only to the one caused by 
self-desiccation, and the stress field refers only to the one caused by the AS deformation. 
2 Numerical simulation of AS of concrete 
2.1 Calculation of AS of concrete 
Previous studies (Jiang et al. 2003; Xu and Jiang 2004) on concrete water-cement ratio 
and age indicate that there is a remarkably linear correlation between ARH and AS, as shown 
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n
in Eq. (1):     
      s s sh mhH                              (1) 
where sH  is the AS of concrete,  is the ARH due to self-desiccation, and m and n are 
constants that mainly depend on the water-cement ratio, slurry volume content, type and 
content of the mineral admixture.  
sh
Since self-desiccation results from hydration, the humidity change can be considered 
through the degree of hydration. Seungwook (2002) pointed out that the humidity reduction 
due to self-desiccation ( sh' ) was formulated as follows: 
   s +a th t b
D'                             (2) 
where t is the age of the concrete,  tD  is the degree of hydration, and a and b are the 
experimental constants mainly depending on the water-cement ratio and curing temperature. 
2.2 Introduction of equivalent age method 
Copeland et al. (1960) showed that the rate of cement hydration increases with the rise of 
concrete temperature, which conforms to the Arrhenius function. Freiesleben Hansen and 
Pedersen (1977) presented an expression of an equivalent age maturity function based on the 
Arrhenius function, and then set up the integral form as follows: 
a
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where  is the activation energy (J/mol), R is the universal gas constant (J/(mol·K)),  is 
the reference temperature (typically up to 20ć), T is the average concrete temperature during 
the time interval  (ć), and  is the equivalent age at the reference curing temperature (d). 
aE rT
dt et
By replacing the actual age with the equivalent age in the simulation analysis, the 
equivalent age method can reflect the effect of the temperature history on the development 
of concrete. 
2.3 Principle of random aggregate arrangements  
In the mesocosmic view, concrete is seen as a three-dimensional, complex, 
inhomogeneous material consisting of the aggregate, the matrix, and the interface between the 
two. According to the Monte Carlo random sampling principle, the aggregate is randomly 
determined by its location, shape, and size. In order to optimize the density and strength of 
the random structure, the Fuller curve (Leite et al. 2004) is often used to determine the 
proportion of aggregates with different grain sizes. The cumulative distribution function cP
stands for the probability that the diameter of a random point in a cross section meets the 
condition D < D0:
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where kP  is the percentage of aggregate volume accounted for in the total volume of the 
sample (typically up to 0.75), 0D  is the reference aggregate size, and maxD  is the largest 
aggregate size. 
Based on this idea, the author compiled the simulation program using the equivalent age 
method for the temperature field, the humidity field, and the stress field, as well as the 
automatic modeling procedure of random aggregates. 
3 Contrastive analysis of AS characteristics at  
macro- and meso-level 
3.1 Mesoscopical model 
A random aggregate structure with an actual percentage by weight of 40% was produced 
in a space of 200 mm × 200 mm (Fig. 1), and its corresponding finite element model (Fig. 2) 
was developed with the ANSYS software.
   
Fig. 1 Random aggregate model             Fig. 2 Finite element mesh
The specimen had a mix proportion of 8 (water): 27 (cement): 25 (sand): 40 (stone or 
aggregate), and was cast at 20ć with one-off pouring. The air temperature was 20ć. The 
bottom of the specimen was a thermal insulation boundary; other boundaries were the 
dissipation with a surface heat exchange coefficient of 50 kJ/(m2·h·ć). Correlative thermal 
parameters could be calculated with the weighted method (Zhu 1999), and correlative 
mechanical parameters could be obtained from references (Gao and Liu 2003), all listed in 
Table 1. In order to offset the size effect due to the smaller sample and to simulate the actual 
temperature conditions of concrete in engineering, the calculated values of the hydration heat 
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of materials were enlarged by certain multiples (Wu 2005) on the basis of the original situation. 
In the simulation analysis, the following equivalent age  was adopted to consider the effect 
of the temperature history on the development of concrete: 
et
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Table 1 Thermodynamic parameters for material phases 
Material
Coefficient of heat 
conductivity 
(kJ/ (m·h·ć))
Specific heat 
 (kJ/(kg·ć))
Final elastic modulus
(GPa) Poisson’s ratio  
Density 
(kg/m3)
Aggregate 10.99 0.74 67.00  0.160 0 2 755.10 
Matrix 4.40 0.70 27.24 0.200 0 2 142.86 
Concrete 8.79 1.00 37.62 0.190 8 2 448.98 
Note: Data of final elastic modulus and Poisson’s ratio are from Gao and Liu (2003). 
3.2 Assumptions 
Because of the complexity of the problem addressed in this study, some assumptions 
were made: (1) the concrete was assumed to be a two-phase material consisting of the 
aggregate and the matrix, and the interface between the two was incorporated into the matrix; 
(2) the shrinkage of each phase was linear-elastic and reversible; and (3) the specimen had no 
exchange of water with the environment. Deformation due to the differences in material 
properties between the aggregate and the matrix was considered the nonuniform shrinkage or 
matrix shrinkage; the contrary case was referred to as the uniform shrinkage. 
3.3 Analysis of AS characteristics 
Since the aggregate does not take part in the hydration reaction, it was believed that its 
internal humidity would not change and its ARH would be maintained at 100%. Hence, here it 
was assumed that the aggregate was rigid and AS only occurred in the matrix. The values of 
AS and ARH can be estimated with Eqs. (1) and (2), respectively, assuming a = 0.1; b = 10 
(Seungwook 2002);    0.953 8- 4.708 97e ttD  ; m = –18.757; and n = 1 882.9 (Xu and Jiang 2004). 
According to the temperature duration curve of characteristic points (Fig. 3), the 
macro-scale and meso-scale variation are similar. In Fig. 3, I and O refer to the center point 
and the upper-surface point of the specimen, respectively; Iu describes the duration curve of 
the center point with uniform shrinkage without consideration of the effect of the temperature 
history; Iw describes the duration curve of the center point with uniform shrinkage considering 
the effect of the temperature history; Ix describes the duration curve of the center point with 
matrix shrinkage without consideration of the effect of the temperature history; Ic describes the 
duration curve of the center point with matrix shrinkage considering the effect of the 
temperature history; Ou describes the duration curve of the upper-surface point with uniform 
shrinkage without consideration of the effect of the temperature history; Ow describes the 
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duration curve of the upper-surface point with uniform shrinkage considering the effect of the 
temperature history; Ox describes the duration curve of the upper-surface point with matrix 
shrinkage without consideration of the effect of the temperature history; and Oc describes the 
duration curve of the upper-surface point with matrix shrinkage considering the effect of the 
temperature history. Considering the effect of the temperature history, the severe hydration 
reaction when the structure is at an earlier age quickens the increase in temperature, while the 
rising temperature again serves as a catalyst for the hydration reaction, resulting in a faster 
temperature rise rate; similarly, the rate of the temperature drop must also be faster. 
Considering the diversity of material characteristics, the temperatures both on the outside and 
on the inside are lower, and the maximum difference between surface and internal temperatures 
is 0.6ćsmaller. The formation of the meso-temperature field results from the reduction of 
the hydration heat caused by the replacement of cement by the aggregate, and from the 
relatively higher heat conductivity coefficient of the aggregate. Clearly, the amount of 
aggregate is closely related to the temperature: the more aggregate, the lower the overall 
temperature; the smaller the amount of aggregate, the closer the temperature is to the 
macro-temperature. 
Fig. 3 Temperature duration curve of characteristic points 
An ARH distribution of the concrete after three days of influence by the temperature 
history is shown in Fig. 4. Clearly, whether the characteristic diversity of the aggregate and 
matrix is considered or not has a significant impact on the humidity. For concrete of the same 
age, the distribution rule of ARH is similar to that of the temperature field during the uniform 
shrinkage, but the external humidity declines more slowly than the internal humidity, owing to 
the fact that the higher internal temperature exacerbates the hydration reaction and thus 
accelerates the decline in the humidity. As for the matrix of the same age, the phenomenon of 
a higher temperature and lower humidity is also observed and the humidity distribution 
changes around the aggregate. This indicates that the aggregate’s properties, including the 
amount, location, shape, and size, are the vitally important factors affecting humidity 
distribution. In addition, the decrease in ARH is nearly complete when the structure is at an 
early age, exhibiting more than 80% of the total humidity change after 28 d. 
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    Fig. 4 ARH distribution considering effect of temperature history (Unit: % )
As a result of the reduction of internal moisture caused by the constant hydration reaction, 
self-desiccation of concrete occurs, the capillary pores become unsaturated, and a water 
meniscus forms in capillary pores. This leads to hardened cement paste bearing tensile stress 
due to negative pressure, and finally to shrinkage deformation. This kind of volume change is 
rather uniform within the concrete; it does not only occur on the concrete surface or internally. 
It can be seen from the formation mechanism of AS that the development pattern of AS is 
bound to relate to the degree of hydration of cementitious material, the internal moisture 
change, and other factors. 
Fig. 5 presents the distribution of the first principal stress caused by AS three days after 
casting, with consideration of the effect of the temperature history. The maximum values at 
typical ages are given in Table 2.  
Fig. 5 First principal stress distribution considering effect of temperature history (Unit: MPa )
Based on the limited macro- and meso-scale results, some conclusions about stress 
caused by AS can be drawn: 
(1) As for the distribution patterns of stress, there is an obvious difference between 
uniform shrinkage and matrix shrinkage. When the concrete is regarded as uniform, the full 
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section is in tension because the external humidity declines slower than the internal humidity, 
and the tension stress is greater near the restrained base area. Considering the diversity of 
material characteristics, the counter map of major principle stress reveals another pattern. It 
can be understood from the analysis of the humidity field that humidity in the aggregate is 
unchanged, and the matrix contracts continuously owing to water loss, so that the aggregate is 
mainly under compressive stress and the matrix is mainly under tensile stress. Obviously, the 
aggregate-matrix interface has a high likelihood of being the location of the initial cracking 
due to AS. Moreover, the larger aggregate bears greater compressive stress due to its being 
surrounded by more of the matrix. 
Table 2 Maximum values of first principal stress caused by AS of concrete 
Maximum values of first principal stress (MPa) 
Typical age (d) 
Uniform shrinkage1) Uniform shrinkage2) Matrix shrinkage1) Matrix shrinkage2)
  3 0.36 0.48 0.68 0.81 
  7 1.02 1.12 1.91 2.00 
28 1.92 1.89 3.60 3.57 
60 2.17 2.10 4.05 4.00 
180 2.33 2.25 4.35 4.29 
360 2.37 2.30 4.43 4.37 
Note: 1) indicates that the temperature history was not considered, and 2) indicates that the temperature history was considered.  
 (2) As for the stress development pattern, there is both difference and commonality 
between uniform shrinkage and matrix shrinkage. The cross section bears higher tensile stress 
at the meso-scale than at the macro-scale, which is associated with the greater humidity 
gradient between material phases. However, this cannot explain the whole performance of the 
specimen or stand as evidence of a higher cracking risk. There is still little work on
establishing an evaluation model for stress-fitting to the meso-structure, so it may become an 
important issue to probe and solve in the future. 
It is believed that the AS deformation is a process with a rapid rate at early ages of the 
structure and an extremely slow rate at later ages: the deformation develops rapidly before 
28 d, and then, due to the completion of the decline in ARH, it slows and is still not stable 
even at 360 d.  
 (3) The simulation results reveal that the effect of the temperature history on the 
development of concrete cannot be overlooked. Whether distinguishing from the material 
difference between the aggregate and the matrix or not, there is a common rule: at an early age, 
as a result of the effect of the temperature history, the quicker hydration reaction increases the 
difference between the internal temperature and the external temperature, and the latter 
enlarges their ARH difference, which exacerbates coordination of internal and external 
deformation and makes the maximum value of the AS stress greater than the maximum value 
without taking the above effect into consideration. Similarly, at a late age, since the rate of the 
hydration reaction slows down, the stress grows slowly and is ultimately lesser. Compared 
with the case that does not consider the effect of the temperature history, the specimen’s stress 
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will increase by 0.13 MPa three days after casting with consideration of the effect described 
above, in spite of the difference between surface and internal temperatures of just about 5ć.
This demonstrates the significant effect of the temperature history on AS of concrete.  
In summary, the traditional uniform shrinkage model can neither simulate the 
inhomogeneous characteristics of real concrete, nor reflect the impact of each material phase. 
Therefore, the results based on the meso-model are able to more truthfully reflect the problems, 
demonstrating the superiority of the meso-model. The AS and the drying shrinkage both play a 
part in the reduction of the internal relative humidity of concrete, and some mechanisms of the 
drying shrinkage are also applicable to the AS of concrete, so these two deformations are 
comparable. Based on the mesoscopical model, the concrete humidity, drying shrinkage, and 
stress have been studied by Zhu et al. (2006), and the moisture diffusion properties have been 
shown to be significantly affected by the aggregate. Drying shrinkage deformation mainly 
occurs in the matrix, and the cracking initiation point often occurs around the aggregate. It is 
apparent that the meso-scale research method and main findings regarding AS of concrete 
proposed in this paper are similar to those regarding the drying shrinkage, which indicates not 
only that theoretical study of AS of concrete is reasonable, but also that the corresponding 
simulation results are reliable and able to better explain the internal mechanism and fracturing 
mechanism of the AS deformation. 
4 Conclusions 
This study on AS of concrete based on a meso-model essentially reveals the AS 
characteristics and the difference between the macro- and meso-levels. In particular, the 
numerical simulation analysis not only takes into account the impact of temperature history on 
the development process of concrete, but also takes measures from the fact that ARH change is 
the root cause of AS of concrete. 
(1) Compared with other forecasting methods of AS of concrete, the method presented in 
this paper, estimating the AS deformation from ARH with the expression of the degree of 
hydration is more consistent with the occurrence of AS, and its results can accurately reflect 
the development of AS properties. 
(2) Research indicates that the differences in thermodynamic properties between material 
phases and the aggregate properties (such as amount, position, shape, and size) have a clear 
influence on the distribution of the temperature field, humidity field, and stress field. The 
value of the integral temperature is lower due to the reduction of the hydration heat and the 
relatively higher heat conductivity coefficient of the aggregate. As for the matrix of the same 
age, the phenomenon of a higher temperature and lower humidity is real and the humidity 
distribution evidently changes around the aggregate. Corresponding to changes in humidity, 
most aggregates are under compressive stress and such stress values increase with increasing 
grain size. The matrixes are mainly under tensile stress. The aggregate-matrix interface has a 
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high likelihood of being the site of the initial cracking caused by AS of concrete. 
(3) The equivalent age method makes the simulation analysis not only more reasonable in 
theory but also more credible in its results. The impact of temperature history is evident even 
in the small specimen studied above. Thus, it is rather necessary to pay more attention to this 
effect in practical projects in order to prevent excessive deviation. 
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